Background/aim: Corneal graft survival depends critically on the quality of the endothelium. In this study the authors aimed to evaluate corneal endothelium in mice at different times after transplantation and to correlate endothelial integrity with corneal graft survival. Methods: Syngeneic and allogeneic corneal grafts at various times (days 0-60) after engraftment were examined in flat mount preparation by confocal microscopy, by evaluating the hexagonal pattern of the endothelial monolayer using actin staining of the cell cortex. Corneas from untreated mice and from mice, who were grafted after removal of draining lymph nodes served as controls. Results: In control corneas, more than 90% of the posterior surface was covered by endothelium. Syngeneic grafts were always covered by 54-99% of endothelium. In contrast, the posterior surface of corneal allografts showed great variation in the degree of endothelial cell coverage (0-98%). In addition, clinical opacity grading measure was not a reliable predictor of endothelial coverage. Conclusion: In corneal allografts there is progressive loss of endothelium over time, unlike with syngeneic grafts. However, in the early stages of allograft rejection, the grade of graft opacity does not accurately reflect the degree of endothelial cell coverage. Although corneal opacity grade is considered the main determinant of graft rejection, the data suggest that both the grade of corneal opacity plus a sufficient postgraft time duration (.8 weeks in the mouse) are required for the diagnosis of irreversible graft rejection.
O rthotopic corneal allografts are generally accepted at a very high rate in various species. [1] [2] [3] [4] However, the incidence of rejected allografts in long term follow up studies is surprisingly high in both humans and rodents, [5] [6] [7] suggesting that the privileged status of the cornea is not absolute. 2 5 6 8 Each cell layer of the cornea has a different role in the allosensitisation of the graft recipient. 9 Although it was considered that the epithelium was the main barrier to corneal graft acceptance according to some previous studies in mice, [9] [10] [11] it has recently been shown that the endothelium presents the major target of alloimmune rejection of orthotopic corneal allografts. 11 Irreversible corneal graft rejection is diagnosed when the cornea remains opaque despite treatment. Loss of corneal clarity under these circumstances is usually caused by oedema or water retention by the stroma and epithelium. The endothelium, a single layer of hexagonal cells, which plays a vital part in maintaining the deturgescence of the cornea, is presumed to be permanently lost from the donor graft without recovery/replacement from the host site. Human corneal endothelial cells are cells with limited, if any, proliferative capacity in vivo. In vitro, cell proliferation can be induced by specific growth factors and other substances. [12] [13] [14] [15] In animal models corneal endothelial cell regeneration-that is, proliferation and migration, has been shown to occur mostly in models of corneal wounding-for example, after transcorneal freezing 16 17 or endothelial scraping. 18 19 Corneal endothelial migration 20 21 and proliferation 21 have also been demonstrated, although weakly, following syngeneic corneal transplantation. In a separate study Joo et al showed that life extended corneal endothelial cells, when transplanted onto denuded murine corneal Descemet's membrane, survived and remained in situ after syngeneic corneal transplantation without replacement by host cells. 22 However, there is no evidence that corneal endothelial cell proliferation after orthotopic allogeneic corneal transplantation occurs. In a recent study Hori and Streilein used transgenic mice that express enhanced green fluorescence protein (eGFP) in all nucleated cells to transplant eGFP+ ''green'' donor corneal grafts to allogeneic and syngeneic wild type recipients and vice versa, and showed that the endothelium of accepted allografts retained significant numbers of donor endothelial cells, with little evidence of replacement of donor endothelium with cells of recipient origin. The endothelium of allografts that were rejected was, on the contrary, completely depleted of their complement of donor derived endothelium.
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In our study, we have quantified the changes in the integrity of the corneal endothelial monolayer at various time points after orthotopic allogeneic and syngeneic corneal grafting by analysis of confocal microscopic images of flat mounted corneal specimens. In addition, we have tried to correlate the level of endothelial cell loss with clinical signs of rejection-that is, with corneal opacity alone. We conclude that the grade of corneal graft opacity alone does not consistently reflect graft acceptance as defined in terms of the percentage of remaining healthy endothelium. Only persistence of clinically opaque grafts over a prolonged period (.8 weeks in the mouse) reflects true non-survival of the corneal endothelium. Corneal opacification before this time may reflect endothelial cell dysfunction without actual cell loss, and recovery of function is possible if the alloimmune response can be suppressed.
MATERIALS AND METHODS

Animals
Inbred female and male mice of the BALB/c (H2 d ) and C57BL/10 (H2 b ) strains, 6-8 weeks old, were obtained from the animal facility at the medical school, University of Aberdeen. The procedures adopted conformed to the regulations Abbreviations: eGFP, enhanced green fluorescence protein; LNR, lymph node removal; PBS, phosphate buffered saline; PFA, paraformaldehyde; tPA, tissue plasminogen activator of the Animal Licence Act (UK) and to the ARVO statement for the use of animals in ophthalmic and vision research.
Technique of corneal transplantation
The procedure was adapted from the technique described previously 23 and modified by the authors. 24 In brief, donor corneas (C57BL/10, H2 b or BALB/c, H2 d mice) 2 mm in diameter were removed and placed in balanced salt solution. The donor endothelium was protected during dissection by instilling Microvisc (high molecular weight hyaluronic acid) into the anterior chamber. The recipient mice (BALB/c) were anaesthetised by intramuscular injection of a mixture of ketamine (Narkamon 5%, SPOFA, Prague, Czech Republic) and xylazine (Rometar 2%, SPOFA) diluted in saline. To dilate the pupil a combination of tropicamide 1% and phenylephrine 2.5% drops was used. The recipient right cornea was marked with a 2 mm trephine and excised using Vannas scissors after penetrating the anterior chamber with a sharp needle. Microvisc was used to maintain the anterior chamber throughout the procedure. The donor graft was sutured into the recipient bed using either a continuous or an interrupted suture (11-0 Mersilene, Ethicon, UK). After the transplantation, antibiotic ointment (Polyfax, Dominion Pharma Ltd, UK) was applied to the eye. Interrupted sutures were removed on day 7 under an operating microscope under general anaesthesia and the antibiotic ointment was applied to the eye. Continuous sutures were not removed.
Some corneas appeared to pass through a phase of transient opacification 10-14 days post-grafting and clear subsequently. This occurred more frequently when the grafts were performed with interrupted sutures than with continuous sutures. 7 The cause for the transient opacity is not known and therefore for the extended time course study the continuous suture technique was used. The interrupted suture technique was used only for a comparison of endothelial coverage at days 10 and 14 after grafting.
Clinical evaluation of corneal grafts
Mice were examined every 2-4 days through the operating microscope. Mice with complications such as cataract, prolapse of the iris, infection or haemorrhage were excluded from the study. The degree of opacity of the grafted cornea was used as the indicator of graft rejection. 7 The grade of opacity was 0-4, where grafts with grade 2 or higher were considered as rejected (grade 2: iris vessels still distinguishable through an opaque corneal graft). Using these criteria, the rate of corneal graft rejection in this study is as shown in figure 1 .
Procedures for corneal dissection and immunohistological evaluation of endothelium In preliminary control experiments, the integrity of the intact cornea and of the ungrafted donor cornea was evaluated. The technique used was adapted from Danjo et al. 25 Mice were sacrificed by dislocation of the neck. Two methods for fixation were used to ensure absence of technical causes for endothelial cell losses/damage. In the first method, eyes were fixed immediately in situ before enucleation (that is, preexcision of the cornea, termed hereafter ''pre-X fixed'' corneas) with a drop of 4% paraformaldehyde (PFA) applied to the cornea for at least 20 minutes. The eyes were then enucleated and immersed in PFA in 96 well plates for at least 2 hours. The corneas were then excised at the limbus with the aid of an operating microscope using a petri dish with a sponge base, to which the eyes were fixed with fine pins.
In the second method, the mice were sacrificed and a 2 mm disc of cornea excised immediately without previous fixation, using the standard procedure for excision of donor corneas for grafting (see above). The corneas were then fixed by immersion in PFA for at least 2 hours. Since these corneas were fixed after excision (that is, post-excision corneas) they are termed hereafter ''post-X fixed'' corneas.
Experimental grafted corneas excised and fixed for evaluation of the endothelial monolayer were processed by the first method above-that is, after fixation in situ and by excision of the cornea at the limbus to include the donor cornea and the rim of host cornea as a single specimen (pre-X fixed corneas).
In both methods, the tissue was then rehydrated in phosphate buffered saline (PBS; three times 10 minutes in the 24 well plate) and the endothelium was stained for actin by Bodipy 558/568 Phalloidin (Molecular Probes UK; dilution 1:20 in PBS; incubated for 2 hours and washed three times 10 minutes by PBS).
Staining of the actin cortex was used to evaluate endothelial cell hexagonal shape and integrity since this has been shown to correlate well with cell shape. 26 The corneas were dissected into four quadrants using a sharp razor blade, endothelium side up and mounted in Vectashield (Vector Laboratoires, UK) as flat mounts and examined by confocal microscopy. Confocal images were then captured by LaserSharp software (software and microscope by Bio-Rad, UK) at a wavelength of 568 nm.
An additional set of non-rejected clear allograft control grafts was obtained from mice whose submandibular lymph nodes had been removed 24 before corneal grafting. The numbers of mice used at each time point are presented in table 1 .
During the course of these experiments, it became clear that significant deposits of fibrinous protein filled the anterior chamber and attached to the posterior surface of the cornea. Accordingly, in some cases (allografts and syngeneic grafts 48 hours to 6 days after grafting) the excised corneas were incubated in tissue plasminogen activator (tPA) (concentration 400 U/ml, in PBS for 5-30 minutes at room temperature) before fixation in order to digest fibrinous material present over the endothelium of the graft. This allowed clear evaluation of the endothelium.
To verify the fibrinous nature of this material, a separate set of grafts were stained with anti-fibrinogen antibody (Ab) (sheep anti-mouse, 1:100, Serotec, UK) with three step immunohistochemistry using secondary Ab anti-sheep biotinylated (1:100) and Streptavidin-Texas Red (1:50). For dilution of Ab and washing, PBS was used. Corneas were analysed by fluorescence microscopy.
Image analysis
Images were acquired (620 objective) and quantitatively evaluated using Q-Win software (Leica, UK). A microscope objective of 620 magnification was chosen because this offered the best image field size for evaluation in a single image. During confocal analysis, the entire cornea was imaged; however, in grafted eyes, only the graft was evaluated quantitatively. Denuded areas of the corneal graft were demarcated on the screen by manual tracking and the area of cell loss expressed as a percentage of the total area of the posterior corneal surface. For each time point, at least three sample corneas were used (unless otherwise indicated).
Technique of lymph node removal
The technique described by Wolvers 27 and modified by the authors 24 was used. In brief, mice were anaesthetised as described above. A small incision in the middle of the headneck region after shaving the skin was made, and with the aid of an operating microscope, the submandibular lymph nodes were removed bilaterally. The wound was closed by three interrupted sutures and cleaned with chlorhexidine and antibiotic. Seven days later corneal grafting was performed.
Statistical analysis
To compare the percentage of the area covered by endothelium between experimental groups, the Mann-Whitney U test (GraphPad InStat software) was used.
RESULTS
Quantitative evaluation of endothelial cell integrity at different time points after grafting (continuous suture technique)
Control corneal tissue
The corneal endothelium was evaluated using anti-actin fluorescence staining and confocal microscopy to identify cell outlines as indicated in Methods.
Since it was important to have information on the integrity of the corneal endothelium in donor corneal graft tissue before grafting, preliminary control experiments were performed to compare endothelial cell coverage of excised but non-grafted discs (post-X fixed corneas, see Methods) with the corneal endothelium of the intact eye (pre-X fixed corneas, see Methods).
All control pre-X fixed and post-X fixed corneal tissue samples displayed the endothelial monolayer as an almost intact cell sheet with regular hexagonal shaped cells (fig 2A,  B, respectively) . Evidence of cell loss was found only at the edge of the post-X fixed corneal buttons, where contact with the forceps occurred during manipulation. In both control pre-X fixed and post-X fixed corneas the posterior surface was covered by at least 90% of endothelial cells (pre-X fixed corneas: 99% (0.8%) endothelial coverage (mean (SD)); post-X fixed corneas: 94% (4.1%) endothelial coverage; see fig 3A) .
Allogeneic grafts
In allografts, endothelial integrity was much more variable. One hour after grafting the endothelial monolayer was essentially similar to that in the control corneas, with occasional areas of patchy damage (fig 4A) , and an overall coverage of 64% (SD 13.7%) (fig 3A) . At 24 hours, some endothelial cells had enlarged and spread over the damaged areas, as a result of which some cells had lost their regular hexagonal shape (fig 4B) . At 48 hours the grafts coverage was 84% (SD 12.1%) (fig 3A) . At 6, 10, and 14 days the cellular pattern remained the same (fig 4C, D, E) and 61% (SD 24.2%) (6 days) and 91% (SD 8.4%) (10 days) of the area of the graft was covered by endothelium ( fig 3A) .
At 30 days post-grafting the state of the endothelium more faithfully reflected the clinical status of the graft. The majority of the grafts were rejected (see fig 1) , and the mean percentage of remaining endothelium was 32% (41.8%) ( fig 3A) . Completely clear allografts contained regular hexagonal enlarged endothelial cells which were spread over the graft always in contact with some of the neighbouring cells but did not appear to form a contiguous monolayer ( fig 4F) . Rejected (opacity grade >2) grafts had no endothelium (fig 4G) .
At 60 days, no allografted mice retained clear (opacity 0) corneas (100% of rejection within the 60 day observation period 7 ) and all such grafts were the mostly devoid of endothelium ( fig 4H, I, J) , mean coverage being 45% (40.7%) ( fig 3A) .
During this stage of the study it was noted that from 48 hours post-grafting it was difficult to visualise the graft endothelium, owing to the presence of a protein film, which first developed at the graft edge and spread over the entire graft surface (fig 5A, B) , covering the endothelium ( fig 5C) . The protein film stained positively with phalloidin, presumably as a result of actin release from damaged cells including degranulating platelets, and dying endothelial cells. 28 After several days the film progressively contracted back towards the periphery of the graft (fig 5D) , where it was still detectable in some cases up to 2 months after grafting. This retrocorneal protein film or ''membrane'' could be distinguished from the iris, which stained for actin in a fine reticular pattern ( fig 5E) . The film was considered to be fibrin based, which was confirmed by immunohistochemistry Figure 2 The endothelium in controls. Confocal images of the centre of control pre-X fixed cornea (A) and control post-X fixed cornea (B).
Objective 620.
Evaluation of corneal endothelium in mouse after grafting(fig 5F, G), and derived from contraction of a coagulated plasmoid aqueous. Corneas from mice taken 48 hours to 10 days post-grafting were therefore treated with tPA before fixation, which proved to be effective in removing the film. However, in corneas taken later than 10 days after grafting, the membrane was resistant to digestion with tPA, presumably because of organisation of the fibrin clot, which as indicated above continued to retract towards the periphery of the graft (fig 5D) .
Syngeneic grafts
In syngeneic corneal grafts, the percentage of the covering endothelium did not fall below 54% at any time. The appearance of syngeneic grafts in the early phases postgrafting (1 hour-14 days) were identical to that in allogeneic grafts (figs 6A, B) including the presence of the phalloidin staining protein film. The enlarged endothelial cells however remain unchanged in syngeneic grafts until 60 days post grafting ( fig 6C) . At 48 hours the area covered by the endothelium was 72% (SD 17.1%), at 6 days 93% (SD 2.9%), at 10 days 95% (SD 5.2%), at 30 days 97%, and at 60 days it was 95% (SD 3.7%) of the graft ( fig 3B) .
Allografts after lymph node removal
We have previously shown that removal of the draining lymph node protects corneal allografts from rejection indefinitely. 24 We presumed therefore that the donor endothelium would remain intact during this time.
Corneal allografts grafts in mice, which had had removal of the submandibular lymph node also showed an intact endothelial cell monolayer, with regular hexagonal shaped cells (fig 7) . Endothelial coverage in this group extended to 91% (6.7%) ( fig 3A) .
Quantitative evaluation of endothelial cell integrity at different time points after grafting (interrupted suture technique) Some corneas appeared to pass through a phase of transient opacification 10-14 days post-grafting and clear subsequently. This occurred more frequently when the grafts were performed with interrupted sutures than with continuous sutures. 7 The cause for the transient opacity is not known and one possibility is that the endothelium after grafting goes through the period of dysfunction. The other possibility is that the endothelium is lost and is replaced from the host. To prove if it was one of these reasons, quantitative analysis of the endothelium was performed.
In this study, allogeneic grafts, performed using the interrupted suture technique, were covered at day 10 after grafting by 46% of endothelium on average ( fig 3C) . However, this varied greatly from graft to graft and generally adopted two patterns-that is, where the endothelium was almost intact (84-97% in four grafts) to where there was no endothelium (in four grafts; table 2, fig 3C) . By day 14 the average endothelial cell coverage was 34% of graft area, with complete absence of endothelium in three of five grafts and 73-99% coverage of endothelium in two out of five grafts.
In syngeneic grafts on day 10, the mean of the covered area was 68%, with one denuded graft and three covered by 77-97% of endothelium. On day 14, all of the syngeneic grafts were covered by at least 99% of endothelium ( fig 3C) .
Correlation of corneal graft opacity with the percentage of remaining corneal graft endothelium
In currently used scoring systems, 7 opacity grades 0-4 are used, and grafts with opacity 2 or greater are considered rejected. However, although the endothelium is the major target for rejection, 11 the precise relation between endothelial cell loss and opacity level is unclear. For this part of the study, the results of previous quantitative analyses were pooled, regardless of technique or donor mice used, since the opacity grade and the endothelium were correlated and not the technique which induced the opacity.
The results of our study show that, overall, grafts with opacity grades 0 or 1 retained over 80% endothelial cell coverage, whereas grafts with opacity 2 or above had less than 50% coverage with endothelium on average (fig 8) . However, there was considerable individual variation in this correlation particularly during the first 1-3 weeks following Figure 3 Quantitative analysis of the area covered by the endothelium after allogeneic and syngeneic grafting. Graph showing the area covered by endothelium in control pre-X fixed and post-X fixed corneas, and in allogeneic (A) and syngeneic (B) grafts (continuous suture) in different time points after grafting. Separately is showed the area covered by endothelium in allogeneic and syngeneic grafts where interrupted suture technique was used (C). Each symbol is an individual corneal sample. The lines show the mean values. h, hours; d, days; LNR, lymph node removal; allo, allogeneic; syn, syngeneic.
grafting with some corneas clinically graded as 3 or 4 still retaining over 80% of their endothelium while other corneas graded as 0 or 1 retaining less than 50% endothelium (fig 8) . In contrast, corneas graded 3 or 4, which persisted during 60 days observation period, were consistently devoid of endothelium.
DISCUSSION
Recent data from experimental work in mice indicate that the corneal endothelium is a major target for graft rejection, while the epithelium is rapidly replaced in both syngeneic and allogeneic grafts. 11 In fact, early replacement of the donor epithelium with syngeneic epithelium has a protective effect on the donor graft by suppressing the alloimmune response provided the new epithelial layer contains few dendritic cells. 10 The present report confirms the central position of the endothelium as the target for alloimmune attack and attempts to quantify this response in terms of acceptance or rejection of the graft. The data show that there is early loss of 30-40% endothelial cells in both syngeneic and allogeneic grafts during the first 48 hours but that recovery of the endothelial monolayer occurs during the first few days by enlargement and spreading of the cells. In syngeneic grafts, this continues to provide a satisfactory covering for the cornea and permits survival of the graft. In long term accepted allogeneic grafts-for instance, in mice after removal of the draining lymph node, 24 29 a similar situation holds true and the donor endothelium survives. However, in rejected grafts the endothelium is lost. In neither accepted, nor rejected or in syngeneic grafts was there evidence of replacement by host endothelium.
The present quantitative analysis of corneal endothelial coverage also allowed an evaluation of the clinical grading system. Clinically grafts are graded using a scoring system based predominantly on the relative opacification of the cornea. In the present study, there was a statistically good agreement between the percentage surviving endothelial monolayer and the grade of opacity. However, the relation was not consistent and some grafts during the early alloimmune response presented with apparent opacity grades equating to rejection (grade >2) while retaining a good (.84%) endothelial cell coverage. This applies also for syngeneic grafts, which frequently achieve a grade of 2 or more in the first 2 weeks after grafting and therefore cannot, during this period, be legitimately defined as ''rejected. '' Only in grafts during the later stages of observation was clinical ''rejection'' (grade >2) consistently associated with an endothelial cell loss more than 49% (six of seven). Thus, it is clear that clinical graft rejection, when considered as an irreversible event, can only reliably be determined if both the level of opacification and a sufficient time of observation are taken into account. In previous studies these are the precise criteria, which Streilein's group has adopted (opacity grade >2 evaluated at 8 weeks post graft) and in order to allow interstudy comparison of data we would also recommend this approach.
This raises the question of what the early opacification of the cornea represents since the endothelium at this stage may morphologically remain well preserved. Opacification of the cornea can occur for many reasons including reasons unrelated to the survival of the endothelium. Thus, oedema, scarring, cellular infiltration of the stroma among other causes may induce degrees of opacity. At least some of these may occur during corneal graft rejection. However, we have not previously found stromal cellular infiltration to contribute greatly to corneal opacification during graft rejection. 30 We have argued that transient opacification may occur in the cornea during the process of rejection because of the alloimmune response. At this time, the endothelium is under attack and possibly dysfunctional but still has the potential for recovery. The use of Kaplan-Meier survival curves for presenting data on graft rejection thus are liable to misinterpretation during the early phase of study since they do not allow for the differentiation of the process of rejection (with the potential for recovery) from irreversible rejection when the endothelium has been lost. We argue that presentation of the data as ''opacity curves'' provides more useful information. 7 The possibility that the endothelium can recover leads to questions of how the endothelium suffers damage during rejection. Previously it has been considered that cells targeted for alloimmune attack incur this damage through the activity of cytotoxic T cells. 31 While induction of these cells is not disputed, they are regarded as not essential for the process of rejection. In contrast, the relative importance of CD4 T cells has gained prominence [32] [33] [34] [35] as have the effects of cells involved in innate immune responses such as natural killer (NK) cells 36 and macrophages. 30 37 We have previously shown Figure 6 The endothelium in syngeneic grafts. Confocal images of the endothelium of the syngeneic grafts 48 hours (A), 14 days (B), and 60 days (C) post-grafting stained for actin. Objective 620. that macrophages represent a major cell population in corneal graft rejection and are present from an early time (hours/days following grafting). 30 How do effector cells of the innate and adaptive immune response gain access to the endothelium? Previously it has been considered that leucocytic cells reach their target by infiltration via the limbus and the stroma and there is evidence of significant cell infiltration at these sites during rejection. 30 36 However, there are several barriers for invading leucocytes en route to the endothelium via the limbus/stroma and, overall, this would appear to be a slow and inefficient mechanism. An alternative route for cells to gain access is from the iris vessels via the anterior chamber since it has previously been shown that there is a massive infiltration of macrophages in the iris after corneal grafting. 38 These cells need to traverse the chamber and must do so by crawling on surfaces or through matrices. This study has shown that the anterior chamber is filled with a fibrin containing clot almost immediately after grafting and this provides an excellent conduit for cell migration. Thus, myeloid and lymphoid cells emigrating from the iris vessels can rapidly cross the anterior chamber through the fibrin clot and attach to the endothelium where they can cause damage. The fibrin clot itself may be promoted by the procoagulant myeloid cells. Fibrin clots occur in both syngeneic and allogeneic grafts but the response is greater and more sustained in allografts and is probably driven by T cell cytokine production. The strong phalloidin staining, and thus presumed presence of actin within the fibrin clots, is likely to be a measure of actin release from damaged cells and itself may contribute to the continued endothelial cellular damage as has been shown intravascularly in actin containing sera. 39 It would seem therefore that the corneal graft survival is dependent on continuing viability of the donor endothelium which may undergo attack from both innate and adaptive immune mechanisms. The endothelium has the potential to repel such attach (for example, Fas-FasL interaction 40 ) and the anterior chamber itself is an immune privileged microenvironment. While some degree of endothelial cell loss during this process may occur, it would appear from this study that in the mouse at least, a minimum of 48% donor endothelial cell survival is required. 
